Background: Molecular features underlying enzyme function in extreme environments are poorly understood. Results: Identification of the basis for thermostability, halophilicity, and detoxification activity in a mercuric reductase from hot deep-sea brine. Conclusion: A small number of structural modifications accounts for the enzyme's robustness. Significance: This work defines novel adaptations that enable enzymes to cope with multiple abiotic stressors simultaneously.
Natural environments that encompass multiple abiotic stressors, such as extreme salinity, high temperatures, and high levels of toxic heavy metals, are rare on our planet and are usually difficult to access. In the Red Sea, the brine pool at Atlantis II (ATII) 2 Deep is a good example of such an environment.
Covering an area of about 60 km 2 , it is the largest brine pool in the central Red Sea (21°20.72Ј north and 38°04.59Ј east) and is located at a depth of 2000 -2200 m. The 200-m-thick pool is stratified into different layers. The bottom layer, referred to as the lower convective layer (LCL), presents an exceptional combination of environmental conditions, characterized by extreme salinity (26%), high temperature (68°C), hydrostatic pressure, acidic pH (5.3) , extremely low levels of light and oxygen, and high concentrations of heavy metals (1) (2) (3) (4) . The microbial community that resides in the LCL of the ATII (ATII-LCL) therefore offers a unique opportunity to study the biochemical adaptations that enable its members to survive and thrive in such an exacting setting. In an attempt to elucidate how enzymes have evolved strategies for coping simultaneously with extreme salinity, high temperature, and heavy metal toxicity, we sampled the microbial community from ATII-LCL, established a metagenomic dataset based on 454 pyrosequencing, and mined it for sequences encoding enzymes involved in the detoxification of mercury. An operon containing several genes required for mercury detoxification was identified in our dataset, and in this report we describe the product of one of these. MerA ATII-LCL is a mercuric reductase, a key component of an organomercurial detoxification system found in many bacteria that grow in mercury-contaminated environments (5) .
Mercuric ion reductase catalyzes the reduction of Hg 2ϩ to Hg 0 , which is volatile and can be disposed of nonenzymatically (6 -8) . The enzymes contain flavin adenine dinucleotide (FAD), utilize NADPH as an electron donor, and require an excess of exogenous thiols for activity (9) . The presence of thiols such as glutathione ensures that the Hg 2ϩ exists in the cell as the dimercaptide, RS-Hg-SR. Studies of the MerA protein encoded by the mer operon on transposon Tn501 have shown that the enzyme is a homodimer. Each monomer contributes one active site, made up of a pair of redox-active cysteines, to a catalytic core located at the dimer interface (10, 11) . A pair of cysteine residues located near the C terminus of one subunit serves to transfer the substrate Hg 2ϩ to the active site in the other subunit (10, 11) , which catalyzes the reduction of the metal ion. In addition to the catalytic core, MerA proteins typically have an extended N-terminal domain (NmerA) of around 70 amino acids that contains a pair of cysteines within a highly conserved metal-binding motif (GMTCXXC) (11) . Initially, the NmerA cysteine pair appeared to be dispensable for catalysis in vivo, because a double mutant in which both residues were replaced by alanines was found to be fully functional (11) . However, it was later shown that, under physiological conditions in which intracellular thiols are depleted, the NmerA domain binds Hg 2ϩ and transfers it from ligands in cytoplasm to the catalytic core for reduction (12, 13) . Furthermore, it has been shown that Hg 2ϩ increases H 2 O 2 formation in mitochondria, leading to increased consumption of reduced glutathione (14) . Taken together, these results strongly indicate that the pair of cysteines in the NmerA domain of mercuric reductases does have a functional role in vivo, enhancing mercuric ion detoxification by acting as an accessory pathway for delivery of the substrate to the active site (12) .
Despite the availability of detailed information concerning the structure-function relationships of MerA, and compelling phylogenetic evidence indicating that MerA originated and evolved in thermophilic microorganisms residing in geothermal environments (15, 16) , to our knowledge, no thermophilic and/or halophilic MerA homolog derived from such an environment has yet been characterized in detail.
Thermophilic and halophilic adaptations of proteins remain the subject of intensive study, but it is clear that their hosts have developed diverse strategies to keep them folded in an active state under conditions of elevated temperature and salinity (17) . Depending on their optimal growth temperatures, bacteria are generally classified into four groups as follows: psychrophiles grow best at 5-20°C, mesophiles at 15-45°C, thermophiles at 45-80°C, and hyperthermophiles at above 80°C (18) . Two types of physical mechanisms that contribute to protein thermophily are distinguished as "structure-based" and "sequencebased" (19) . The features associated with enhanced thermal stability include ionic interactions (20) , increase in hydrophobicity and packing density (21, 22) , augmentation of hydrogen bonding and van der Waals interactions (23, 24) , and specific amino acid substitutions that stabilize protein structure at particularly critical locations (25) .
Halophilic microorganisms are broadly classified into slightly, moderately, and extremely halophilic, defined as showing optimal growth in 0.5, 0.5-2.5, and around 4 M NaCl 2 , respectively (26) . Halophilic microorganisms have evolved two strategies to maintain the osmotic pressure of the cytoplasm within its physiological range. The first is based on the biosynthesis and accumulation in the cytoplasm of organic solutes, osmolytes, such as glycine, betaine, and ectoine (27) . The second strategy, the salt-in approach, involves the accumulation of molar concentrations of potassium chloride in the cytoplasm (28 -30) . This, in turn, necessitates adaptation of intracellular proteins to ensure that they remain soluble and active in the presence of such high concentrations of salt. Proteins adapted to high salt often show a predominance of acidic residues on their surfaces (31) (32) (33) , which interact with water molecules and salt ions, and a corresponding decrease in hydrophobic amino acids and the extent of hydrophobic contact surfaces (31, 34) .
The metagenome-derived MerA enzyme from the ATII-LCL described here reveals simple and limited alterations in the primary structure of the protein relative to that of an ortholog from a terrestrial environment (35) . These are reflected in critical shifts in the catalytic properties of the enzyme that allow for efficient function under the extreme conditions of its marine habitat. The sequences of the soil and ATII-LCL enzymes are Ͼ91% identical, and 67% of the substitutions in the ATII-LCL enzyme are acidic residues. In addition, two short segments near the C-terminal cysteine pair, each containing two basic amino acids and a proline residue, are unique to the ATII-LCL enzyme. These structural features largely account for the ability of MerA ATII-LCL to function efficiently in high salt at high temperature, as site-directed mutagenesis of selected acidic residues and replacement of the two boxes in the ATII-LCL enzyme by the residues found in the soil ortholog reduced the degree of halophilicity and thermostability, respectively, of the former. In addition, the two acidic residues immediately adjacent to the NmerA metal-binding motif in the ATII-LCL protein have a direct effect on both the halophilicity and catalytic efficiency of the enzyme. Presumably, by increasing the efficiency of delivery of Hg 2ϩ ions to the catalytic core for reduction, they also help the host to cope with the high concentrations of mercury present in its hypersaline environment.
EXPERIMENTAL PROCEDURES

Identification of the Coding Sequence of the ATII-LCL MerA-
Water samples were collected from the LCL of the Atlantis II brine (2200 m below the surface) in the Red Sea at 21°20.72Ј north and 38°04.59Ј east during the King Abdullah University for Sciences and Technology (KAUST) (Thuwal, Kingdom of Saudi Arabia); Woods Hole Oceanographic Institute (WHOI) (Woods Hole, MA); and Hellenic Center for Marine Research (HCMR) (Anavisso, Greece) oceanographic cruise of the research vessel Aegaeo in March/April 2010. Samples were immediately processed by serial filtration through three 293-mm stainless steel sanitary filter holders (Millipore) containing mixed cellulose-ester filters (nitrocellulose/cellulose acetate) with pore sizes of 3, 0.8, and 0.1 m (Millipore). Filters were then stored in sucrose buffer (36) . Isolation of DNA from microbes trapped on the 0.1-m filter was performed using a Marine DNA isolation kit (Epicenter). The concentration of the DNA recovered was measured using a NanoDrop 3300 fluo-rospectrometer (Thermo Scientific) and a Quant-iT TM PicoGreen dsDNA kit (Invitrogen).
DNA pyrosequencing was carried out with the GS FLX titanium pyrosequencing kit (454 Life Sciences). An ATII-LCL metagenomic dataset was then established from around 4 million sequence reads. The reads were assembled, and ORFs were identified and annotated. An operon containing a MerA ORF was identified by BLAST search against the nr database. The genomic sequence of this ATII-LCL merA gene has been deposited in GenBank TM under accession number KF572479. The ORF was found to show 91% amino acid sequence identity to a putative mercuric reductase from an uncultured bacterium isolated from agricultural soil (35) (GenBank TM under accession number AEV57255.1).
Primary Structure Analysis-Sequence alignment of MerA ATII-LCL with the soil ortholog was performed using the STRAP editor for structural alignment of proteins (37) . Identification of the pyridine nucleotide-disulfide oxidoreductase dimerization domain (P-code PF02852.17) of MerA ATII-LCL was achieved by performing a HMMScan search of its amino acid sequence against the Pfam-A database (version 27.0) (38) on the HMMER webserver (39) . The statistical significance of the amino acid substitutions observed between MerA ATII-LCL and its ortholog from soil was assessed using Fisher's Exact Independence Test (FET) in R version 2.15.3.
Expression and Purification of Recombinant MerA Enzymes-A single pair of perfectly matched oligonucleotides deduced from the aligned soil and ATII-LCL MerAs was used to amplify the coding sequence of the MerA from the LCL metagenomic DNA. The amplified DNA fragments were cloned in the TOPO TA cloning vector (Invitrogen) and sequenced by the Sanger dideoxy method using the 96-capillary ABI 3730XI DNA sequencer. A clone with a clear halophilic signature was identified and found to show more than 90% identity with the MerA enzyme from soil. Both sequences were synthesized (GenScript) after optimizing codon usage to increase their expression levels in Escherichia coli. Mutations in selected codons ( Table 1) were generated using the QuikChange II sitedirected mutagenesis kit according to the manufacturer's instructions (Agilent Technologies). Note that all mutants were generated in the ATII-LCL MerA sequence that had been optimized for expression in E. coli.
All synthesized genes were cloned into the expression vector Champion TM pET SUMO (Invitrogen). An overnight culture of transformed E. coli BL21(DE3) cells was diluted 50-fold in fresh LB medium supplemented with 20 M FAD. Expression of recombinant enzymes was induced at an A 600 of 0.5 by the addition of isopropyl ␤-D-thiogalactoside (final concentration 1 mM) for 3 h at 37°C. Cultures were centrifuged, lysed by multiple freeze-thaw cycles, and resuspended in TE buffer (10 mM Tris-Cl, pH 7.5, containing 1 mM EDTA) supplemented with 20 M FAD. The sample was sonicated and cellular debris removed by centrifugation at 14,000 ϫ g for 20 min at 4°C. The supernatant was filtered and applied to a pre-equilibrated His-Trap column (Amersham Biosciences). The protein was then eluted from the column using increasing concentrations of imidazole. Protein concentration was determined using the BCA protein assay kit (Thermo Scientific). The enzyme concentration was also determined on the basis of flavin absorbance, using an extinction coefficient of 11.3 mM Ϫ1 cm Ϫ1 for the free FAD at 450 nm. The data obtained with the two assays are entirely compatible with the assumption that ATII-LCL, the soil ortholog, and the ATII-LCL mutants contain 1 FAD eq/monomer. Protein purity was verified by electrophoresis on 12% SDS-polyacrylamide gels. The purified proteins were dialyzed against phosphate-buffered saline and stored at Ϫ20°C until further use.
Mercuric Reductase Assay-Routine enzyme assays were carried out at 37°C in 80 mM sodium phosphate buffer, pH 7.4, containing 200 M NADPH, 100 M HgCl 2 , and 1 mM ␤-mercaptoethanol. The enzyme activity was monitored by observing the initial rate of NADPH consumption at 340 nm using a Shimadzu UV-1800 spectrophotometer. The unit of activity is defined as the amount of enzyme that catalyzes Hg 2ϩ -dependent oxidation of 1 mol of NADPH/min (9) . In the case of NaCl-dependent activation, the enzyme activity was measured in the presence of the indicated concentrations of NaCl.
To ensure that reducing equivalents from NADPH are being passed to Hg 2ϩ and not to O 2 to form H 2 O 2 , dissolved O 2 was monitored during the course of the assay using the YSI Galvanic DO Sensor (Model 2002). The results revealed that only 0.24% of the total electron flow passes to O 2 .
Heat Stability Analysis-Replicate samples of each enzyme were incubated at the designated temperatures for 10 min, and the residual activity was then measured. Results are expressed relative to the activity observed at 25°C.
Inhibition by HgCl 2 -The enzyme was incubated in the reaction mixture at 37°C for 10 min in the absence of NADPH, the presence of 500 mM NaCl, and the indicated concentrations of HgCl 2 . The reaction was then started by the addition of NADPH.
Determination of the Minimum Inhibitory Concentration (MIC) of Hg 2ϩ -The nontransformed BL21(DE3) strain and BL21(DE3) cells transformed with the indicated plasmid were plated on LB agar with 1 mM isopropyl ␤-D-thiogalactoside and 50 g/ml kanamycin (Sigma). Different concentrations of HgCl 2 were added to wells punched in the agar layer, and the plates were incubated for 24 h at 37°C. The MIC was then determined by measuring the size of the zone of inhibition around each well.
Modeling of the Three-dimensional Structure of ATII-LCL MerA-The three-dimensional structure of the ATII-LCL MerA was built by homology modeling against structures of the N-terminal (Protein Data Bank code 2kt2) (43) and C-terminal (Protein Data Bank code 1zk7) (12) domains of the Tn501 mercuric reductase, using SWISS-MODEL (40 -42) . Identification of the position of Glu-516 on the surface of the active-site cavity was achieved by manual inspection of the HOLLOW (44) output in PyMOL (PyMOL Molecular Graphics System, Version 1.5.0.1 Schrödinger, LLC). Labeling of specific atoms or residues, superposition of the N-and C-terminal models of ATII-LCL MerA and rendering of the final three-dimensional models were performed using PyMOL.
RESULTS
Mining and Identification of Metagenome-derived MerA ATII-LCL Sequences-We established a metagenomic dataset for the microbial community that resides in the ATII-LCL using 454 pyrosequencing. An ORF that showed Ͼ90% homology to a mercuric reductase from a soil bacterium (35) was identified in the assembled reads. To rule out the possibility that the ATII-LCL MerA ORF sequence obtained from assembled metagenomic reads might be the product of chimeric sequences, we decided to amplify the sequence of the identified ORF using ATII-LCL environmental DNA and two perfectly matched oligonucleotides deduced from the sequence of the soil and ATII-LCL orthologs. The amplified products were cloned in the TOPO TA cloning vector (Invitrogen), and clones were sequenced using the dideoxyribonucleotide chain-termination method. A MerA sequence that was rich in acidic amino acids (a typical halophilic signature) was identified and used for all further work (for details see under "Experimental Procedures").
Structural Differences between ATII-LCL and Soil MerA-A sequence alignment of MerA ATII-LCL with its soil ortholog is shown in Fig. 1 . As expected, both enzymes have the catalytic redox-active cysteine disulfide pair (Cys-136/Cys-141) in the active site (10, 11) , and the Hg 2ϩ binding Cys-558/Cys-559 pair located near the C terminus of the polypeptide chain (45, 46) . In addition, both molecules possess the NmerA domain that contains the pair of cysteine thiols (Cys-11/Cys-14) in the conserved GMTCXXC sequence motif that has been shown to be involved in Hg 2ϩ binding under glutathione-depleted conditions (12, 13) .
MerA ATII-LCL and its ortholog from soil are both 561 amino acids long and display 91% sequence identity. The 52 differences that distinguish them are accounted for as follows. Most strikingly, the ATII-LCL enzyme shows an overall loss of 18 alanines (2 gains and 20 losses) and an overall gain of 11 aspartic and 19 glutamic acid residues (Asp, 15 gains and 4 losses; Glu, 20 gains and 1 loss) relative to soil enzyme ( Fig. 2A) . Interestingly, 18 of the 35 acidic residues gained (51%) are found at positions occupied by alanines in the soil homolog and result from mutations in the second position in the Ala codon ( Fig. 2B) . Moreover, the remaining 17 acidic residues gained in the ATII-LCL MerA correspond to five glycines, three threonines, three serines, two phenylalanines, two valines, one histidine, and one glutamine in the soil enzyme (Fig. 2B) . The statistical significance of the amino acid substitutions observed between the ATII-LCL enzyme and its soil ortholog was assessed by FET, and the result highlights the tendency for uncharged side chains to be replaced by charged groups (FET p value ϭ 1.44 ϫ 10 Ϫ11 ) and more specifically acidic groups (FET p value ϭ 1.2 ϫ 10 Ϫ9 ) in MerA ATII-LCL ( Fig. 2C) . In addition to the acidic amino acid substitutions in the ATII-LCL MerA reported above, we noticed that two short stretches of sequence, one consisting of four (box1) and the other of six (box2) residues, differentiate the two enzymes. The two boxes are located not far from the C-terminal ends of the proteins and, in the ATII-LCL protein, each includes two basic amino acids and a single proline ( Fig. 1) .
These limited, but chemically distinctive, amino acid divergences between the two orthologs presumably account for the differences in the catalytic properties of the two enzymes, which enable them to function efficiently in their very distinct habitats, the soil and the ATII-LCL. Note that the MerA sequence from the uncultured soil bacterium used in this work as a basis for comparison with the ATII-LCL differs at just three positions from the structurally and functionally well characterized Tn501 MerA enzyme (47) (GenBank TM under accession number CAA77323.1) as follows: Leu-208 (soil) is His in Tn501, Glu-335 is Gln, and Ala-386 is Val.
Phylogenetic Analysis of the ATII-LCL merA Sequence-A maximum likelihood phylogenetic tree (supplemental Fig. S1 ), including sequences most similar (retrieved from GenBank TM using BLAST) (supplemental Table S1 ) to the ATII-LCL merA sequence, shows that the ATII-LCL sequence groups with that from the uncultured soil bacterium already mentioned. Nearly all the sequences assigned to an identified species in this tree are from ␥-proteobacteria, with only a few from ␤-proteobacteria. This result suggests that the ATII-LCL merA sequence, as well as the soil bacterium sequence, is derived from members of the ␥-proteobacteria.
Cloning, Expression, and Purification of ATII-LCL and Soil MerAs-To study the role of these substitutions on the catalytic properties of the two orthologs, the genes for the 561-amino acid ATII-LCL and soil enzymes were synthesized, and their codon usage was modified to allow optimal expression in E. coli. The genes were cloned into pET SUMO expression vector system (Invitrogen) as described under "Experimental Procedures." The supplemental Fig. S2 shows SDS-PAGE of the purified proteins. Both proteins were expressed at comparable levels and were found to be soluble.
Thermostability of ATII-LCL and Soil MerAs-To determine the effect of temperature on enzyme stability, the ATII-LCL and soil enzymes were separately incubated at different temperatures for 10 min, and the residual activity was measured as described under "Experimental Procedures." As shown in Fig.  3A , ATII-LCL MerA was highly resistant to inactivation by high temperatures in comparison with the soil enzyme. The ATII-LCL MerA retained more than 80% of its activity after a 10-min incubation at 60°C, although the soil enzyme displayed little to no detectable activity after the same treatment. The temperature required for 50% enzyme inactivation was 75°C for MerA ATII-LCL and 45°C for the soil enzyme. This result confirms that ATII-LCL MerA is a thermophilic enzyme, as expected for a gene product found in the ATII-LCL.
Effects of High Salt on ATII-LCL and Soil MerAs-To examine if the ATII-LCL MerA requires salt for its enzymatic activity, and if the enzyme is active in high salt, we measured the activities of both enzymes in the presence of various salt concentrations, from 0 to 5 M NaCl. MerA ATII-LCL is highly saltdependent, and its enzymatic activity increases with the increasing NaCl concentration, displaying maximum activity at 4 M NaCl. The soil enzyme however is not activated by NaCl and was found to have no detectable activity at 4 M NaCl (Fig. 3B) .
Inhibition of ATII-LCL and Soil MerAs by HgCl 2 and Growth Resistance of E. coli Transformants in the Presence of Mercury-
We measured the effect of HgCl 2 on the enzymatic activities of the purified proteins, and we also examined the degree of resis-tance of E. coli transformants expressing the ATII-LCL and the soil enzymes to HgCl 2 .
To assess the inhibitory effect of HgCl 2 on the enzymatic activity, ATII-LCL and soil MerAs were incubated in reaction mixture in the absence of NADPH and in the presence of the indicated concentrations of HgCl 2 for 10 min at 37°C. The reactions were then started by the addition of NADPH, and the initial rates of NADPH oxidation were measured (for details see under "Experimental Procedures"). Fig. 3C shows that ATII-LCL MerA was highly resistant to inhibition by HgCl 2 relative to the soil enzyme as judged by the IC 50 values of 100 and 270 M for the soil and ATII-LCL enzymes, respectively. It should be noted here that the ␤-mercaptoethanol concentration used in the assay mixture (1 mM) was sufficient to fully complex Hg 2ϩ as RS-Hg-SR, because increasing the concentration to 2 mM had no effect on either the Hg 2ϩ inhibition profiles or the IC 50 values obtained for any of the enzymes tested.
To estimate the impact of ATII-LCL MerA on the level of HgCl 2 resistance shown by E. coli cells, we measured the MICs of the salt for nontransformed cells, and we transformed cells expressing the soil or the ATII-LCL enzyme by exposing growing cells to concentrations of HgCl 2 that varied from 10 to 100 g/ml. Untransformed E. coli cells were sensitive to all concentrations of HgCl 2 , although the soil transformant cells displayed visible growth inhibition at concentrations of 20 g/ml HgCl 2 . The MIC for ATII-LCL transformants, however, was about 80 g/ml, indicating that the ATII-LCL MerA enhances mercury detoxification and confers increased resistance to Hg 2ϩ on cells that express it (Fig. 3D) .
Taken together, these results indicate that the ATII-LCL MerA is a thermophilic and extremely halophilic enzyme that tolerates elevated concentrations of Hg 2ϩ , and it renders E. coli cells resistant to high levels of mercury.
Dissection of Structure-Function Relationships in MerA ATII-LCL by Targeted Mutagenesis-It is intriguing that the amino acid sequence of the metagenomically derived MerA ATII-LCL, with its thermophilicity, extreme halophilicity, and high HgCl 2 detoxification activity differs by only 9% from that of a soil ortholog that lacks these properties. This provides a unique opportunity to analyze the functional effects of the limited number of alterations observed. To this end, we replaced selected residues in the ATII-LCL protein by those found in the corresponding positions in the soil enzyme by site-specific mutagenesis. Seven mutations were generated near critical sites along the ATII-LCL polypeptide chain. All mutations involved the replacement of either acidic residues or the two basic/proline boxes by the corresponding residues in the soil enzyme (see Table 1 and Fig. 1 ). The effects of these replacements on the response of the mutants to temperature, salt, and HgCl 2 are reported below.
All mutants were cloned in the pET SUMO expression vector, expressed, and purified as described under "Experimental Procedures." The supplemental Fig. S2 shows SDS-PAGE of the purified mutant proteins.
Three of the mutations that replaced acidic amino acids, M1, M4, and M17, by the uncharged residues found in the soil enzyme (Table 1) showed clear and distinctive effects on the activation of the ATII-LCL enzyme by NaCl. Although mutant M1 still displayed maximum activity at 4 M NaCl, its peak activity was less than 50% that of the wild type. Mutants M4 and M17, however, showed altered responses to NaCl insofar as their activities peaked at 2 and 3 M NaCl, respectively (Fig. 4A ). Although mutation M17 had a relatively minor effect on the level of peak activity, mutant M4 reached only 40% that of the wild-type enzyme (Fig. 4A) . Despite the fact that the two glutamic acids (Glu-545/Glu-546) mutated in M18 (Fig. 1 ) are only 12 residues from the cysteine pair involved in Hg 2ϩ binding process (Cys-598/Cys-559), their replacement by alanines (M18) failed to alter the enzyme's response to NaCl (Fig. 3A) .
All of the mutations that replaced acidic amino acids and affected the response of the mutants (M1, M4, and M17) to Table 1 for details regarding each mutant. 
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NaCl had no measurable effect on thermostability of the mutated enzymes (Fig. 4B) . Interestingly, however, the two basic/proline boxes ( Fig. 1 and Table 1 ) were found to be involved in the thermostability of the enzyme. Replacement of the four residues of box1 or the six residues of box2 by the amino acids found in the mesophilic soil enzyme produced a drastic effect on the thermostability of ATII-LCL enzyme. Incubation of the mutant enzymes M15 (box1) and M16 (box2) for 10 min at 60°C led to loss of 40 and 70% of activity, respectively, although the double mutant M15/M16 showed 80% inactivation (Fig. 4B ). All mutants in which acidic residues were replaced (M1, M4, M17, and M18), like the wildtype ATII-LCL, retained more than 80% of their activity at this temperature (Fig. 4B) .
The only mutation that affected the resistance of the ATII-LCL MerA to inhibition by Hg 2ϩ was that in mutant M1, which is located within the NmerA domain ( Figs. 1 and 4C) . In fact, mutant M1 has an inhibitory profile comparable with that of the soil enzyme. Interestingly, this mutation lies right next to the conserved metal-binding domain containing the pair of cysteines (Cys-11/Cys-14) that is involved in the binding of Hg 2ϩ under glutathione-depleted conditions (12) .
Comparison of the Kinetic Parameters of MerA ATII-LCL, Its Mutants, and the Soil Enzyme-To analyze the effects of these mutations on the enzymatic properties of the enzyme, we determined the K m value for Hg 2ϩ and the k cat value for the soil enzyme and MerA ATII-LCL and its mutant derivatives. Although mutations of the basic/proline boxes 1 and 2 (M15, M16, and M15/M16) substantially reduced the thermostability of the proteins (see above), they had no apparent effect on the K m or the k cat values of the mutant enzymes ( Table 2 ). This result indicates that loss of thermostability does not affect the kinetic parameters of catalysis, but rather it is due to structural alterations that make it more sensitive to heat.
In contrast, mutations of the acidic residues that affected the extreme halophilicity of the enzyme were directly correlated with changes in K m and k cat . Compared with the wild-type MerA, the N-terminal M1 mutation results in a 2-fold reduction in k cat and a 1.9-fold increase in K m . The same was observed with M4, which shows a 1.6-fold increase in K m and a 1.9-fold decrease in k cat . Although both mutations increased the K m value, decreased the k cat value, and reduced activation by NaCl, only M4 altered the halophilic character of the enzyme from extremely to slightly halophilic, shifting the position of peak activity from 4 to 2 M NaCl. It is important to note that mutation M1 is adjacent to Cys-11 and Cys-14 within the NmerA metal-binding site, although the M4 mutation is separated by just one residue from the redox-active pair Cys-136 and Cys-141 in the catalytic site. In contrast to mutations M1 and M4, mutation M17 affected the affinity and the turnover number of the mutated enzyme only slightly, increasing the K m value by 1.29-fold and decreasing the k cat value by 1.15-fold. Even though this mutation altered K m and k cat values only subtly, it had a significant effect on the behavior of the enzyme with respect to activation by NaCl; maximal activation is observed at 3 M (halophilic) rather than 4 M NaCl (extremely halophilic). Mutation M18, however, had no noticeable effect on K m , k cat , or the halophilicity of the enzyme.
Finally, as shown in Fig. 4C , the only mutation that affected the resistance of the enzyme to inhibition by Hg 2ϩ was the substitution of the glutamic acid pair in M1. Interestingly, this mutation and mutation M4 were found to substantially decrease the catalytic activity and the efficiency of the enzyme (increase the K m and lower the k cat , see Table 2 ). However, only M1 was found to alter resistance to Hg 2ϩ . To explore if the loss of resistance to Hg 2ϩ in the M1 mutant is reflected in the efficiency of in vivo detoxification and the survival of E. coli cells at high concentrations of Hg 2ϩ , we determined the MIC for E. coli transformants expressing the soil enzyme, ATII-LCL, and mutant M1. Fig. 4D shows that indeed mutation M1 substantially affects detoxification efficiency, reducing the MIC value from 80 to 40 g/ml Hg 2ϩ . This result highlights the importance of the Glu-15 and Glu-16 pair in the ATII-LCL enzyme for its detoxification function and its contribution to the survival of its host in the ATII-LCL. All the kinetic parameters described above were measured in the presence of 500 mM NaCl. To determine whether the salt concentration has an effect on the kinetic parameters or alters the relative values of the K m and the k cat for the soil and ATII-LCL enzymes and its mutants, we also measured these parameters in the presence of the concentration of NaCl that gave maximum activity for the respective enzymes and mutants as determined in Fig. 4A , i.e. ATII-LCL, M4, M15, M16, M15/ M16, M18, and M1 at 4 M NaCl; M17, at 3 M NaCl; M4 at 2 M NaCl, and the soil enzyme in the absence of added NaCl. The results are presented in supplemental Table S2 . Although the kinetic parameters reported in supplemental Table S2 show slight changes in the K m and k cat values compared with those determined at 500 mM NaCl, the ratios between the K m and k cat values for the soil, ATII-LCL and mutant enzymes did not differ significantly than those at 500 mM NaCl. Interestingly, the K m reported in the literature (9) for the structurally and functionally well characterized Tn501 MerA enzyme (12 M) is virtually identical to that of the soil enzyme (11.99 M; supplemental Table S2 ), although the latter rises to 14.7 M in the presence of 500 mM NaCl ( Table 2) .
Because MerA is a two-substrate enzyme, we determined the K m value for NADPH to ensure that the kinetic values reported above were obtained at saturating concentrations of NADPH. We observed little difference in the K m value for NADPH between the soil, ATII-LCL, and its mutant enzymes. The observed K m value for the enzymes were all between 4.4 and 6.3 M (supplemental Table S2 ), although the NADPH concentra- tion used to assay the enzymes was 200 M, equivalent to around 40-fold excess over the K m . The fact that the affinities of NADPH for the soil, ATII-LCL, and mutant enzymes are broadly comparable indicates that the primary property targeted during the evolution of the ATII-LCL enzyme has been its affinity for Hg 2ϩ . Obviously, this adaptation process has not required changes in the enzyme's affinity for the electron donor.
Location of the Glutamic Residues and the Two Basic/Proline Boxes in the Three-dimensional Structure of ATII-LCL MerA-
The three-dimensional structure of the ATII-LCL MerA catalytic core determined by homology modeling against Tn501 MerA (12) is presented in Fig. 5 (see also supplemental Fig. S3 ). The model shows the homodimer structure of the catalytic core of the enzyme, which contains the C-terminal pair of cysteines (Cys-558 and Cys-559) involved in binding of Hg 2ϩ from one subunit and the cysteine redox-active pair of the second subunit (Cys-136 and Cys-141) (12) , present in the catalytic pocket of the enzyme (see also supplemental Fig. 3 ). The pair of glutamic acids (Glu-133 and Glu-134) that contributes to increasing the affinity of the enzyme for Hg 2ϩ and to the high efficiency of Hg 2ϩ reduction is placed in close proximity to the binding and the reducing cysteine pairs in the catalytic pocket of the enzyme. The model also shows that the carboxylic group of Glu-516, one of the Glu-515 and Glu-516 pair, is located on the proposed entry path of Hg(SR) 2 (12) leading to the catalytic pocket of the enzyme.
The two basic/proline boxes that contribute to the thermostability of the enzyme are also located in a critical position in the molecule. Box1, an unstructured loop, is located just at the beginning of the dimerization domain ( Figs. 1 and 5A ). This domain, which is present in ATII-LCL MerA, is known to be conserved among the homodimer pyridine nucleotide-disulfide oxidoreductases (48) . The second box (box2), however, is located within the dimerization sequence arranged in a ␤-strand structure ( Figs. 1 and 5A ; see also supplemental Fig. 3 ). It is important to note that replacement of box2 by the motif found in the soil enzyme had a more drastic effect on the thermostability of the enzyme than the alteration of box1 (Fig. 4B ).
In addition, Fig. 5 show the three-dimensional structure of the NmerA (43), separately from the catalytic core, containing the pair of glutamic (Glu-15/Glu-16), adjacent to the pair of cysteines (Cys-11/Cys-14) involved in binding of Hg 2ϩ when glutathione levels are depleted (12, 43) . The model indicates that the negatively charged residues that are linked to the halophilicity of the ATII-LCL MerA are sited near residues involved in the binding and reduction of Hg 2ϩ , whereas those that affect the thermostability are positioned near/within the functionally essential dimerization domain.
DISCUSSION
The lower convective layer of the Atlantis II brine pool is a unique environment characterized by a combination of abiotic factors, i.e. high temperature, elevated concentrations of heavy metals, and extreme salinity, that place severe demands on the physiology of the organisms found there (3, 4) . The majority of the microorganisms that thrive in this environment are difficult to culture, which greatly constrains our ability to understand the biochemical adaptations that allow them to function under such extreme chemical and physical conditions. The emerging fields of metagenomic (49 -51) and deep-sea sampling (52) allow one to address these questions by studying the reconstructed genomes of microorganisms that reside in this unique and unexplored environment.
In this report, we analyze and describe the properties of a mercuric reductase named MerA ATII-LCL from this remote deep-sea environment. Having identified the coding sequence in a metagenomic dataset, MerA ATII-LCL was expressed in E. coli in parallel with an ortholog from an uncultured soil bacterium. We then compared the catalytic properties of the enzymes, and we performed comprehensive site-directed mutagenesis to dissect and understand the structural features that contribute to the enzyme's halophilicity, thermostability, and high resistance to Hg 2ϩ .
The results show that the amino acid sequence of MerA ATII-LCL differs from that of its mesophilic ortholog from an uncultured soil microorganism (35) by just 9%. Yet, the two enzymes differ strikingly in their properties and responses to three abiotic factors. The major sequence differences in MerA ATII-LCL were found to be located at critical positions in its structure and can be summarized as follows: 1) most of the substitutions replace nonpolar with acidic amino acids and thus reduce the hydrophobicity of the protein; 2) two short sequences, each characterized by a proline and two basic residues, are unique to the ATII-LCL enzyme.
The kinetic characterization of three mutant derivatives of MerA ATII-LCL (M1, M4, and M17), in which negatively charged amino acids were replaced by the residues present at the corresponding position in the soil enzyme, showed that these substitutions produced different effects on the substrate affinity of the enzyme and its turnover number, as indicated by their apparent K m and k cat values. The pair of glutamic acids (Glu-515/Glu-516) replaced in M17, which lie near the C-terminal pair of cysteines (Cys-558/Cys-559) involved in the binding of Hg 2ϩ (45) , was shown to be involved in enhancing the enzyme's affinity for Hg 2ϩ . The three-dimensional model presented in Fig. 5 (see also supplemental Fig. 3) shows that the carboxylic group of Glu-516 is located at the entrance to the groove leading to the catalytic pocket.
The pair of glutamic acids mutated in strain M4 (Glu-133/ Glu-134), located in the catalytic pocket adjacent to the redoxactive pair of cysteines (Cys-136/Cys-141) (10, 11) and near the C-terminal cysteine pair (Cys-558/Cys-559), was shown to be required for the substrate affinity for Hg 2ϩ and high catalytic turnover number of the ATII-LCL enzyme. Interestingly, replacement of this pair of glutamic acids resulted in an enzyme with a catalytic efficiency similar to that of the soil ortholog. In summary, both pairs of glutamic acids (Glu-133/ Glu-134 and Glu-515/Glu-516) are required for the high catalytic efficiency of the enzyme; most probably Glu-515/Glu-516 promote the binding of Hg 2ϩ to the C-terminal Cys-558/Cys-559 and Glu-133/Glu-134 facilitate the transfer of Hg 2ϩ to the C-terminal binding cysteine pair (summarized in Fig. 6 ). Finally, the pair of glutamic acids (Glu-15/Glu-16) adjacent to the cysteine pair (Cys-11/Cys-12) in the NmerA domain was shown to be a major contributor to the high catalytic efficiency of MerA ATII-LCL, as its mutation in M1 (Glu-15/Glu-16 to Ala-15/Ala-16) resulted in an enzyme with low affinity for Hg 2ϩ and a low turnover number and a catalytic efficiency similar to that of the soil enzyme and mutant M4. Therefore, it seems that the presence of Glu-15/Glu-16 next to the metalbinding motif in the NmerA domain is required for maximum efficiency of binding and delivery of Hg 2ϩ to the catalytic core for reduction (summarized in Fig. 6 and discussed below) .
The Glu-to-Ala mutations that affected the catalytic activities of the ATII-LCL enzyme, as described above, also have direct effects on the enzyme's tolerance toward NaCl. The mutations that reduced the catalytic efficiency of the enzyme (M1 and M4) resulted in enzymes whose activity was less resistant to increases in NaCl concentrations. Interestingly, although mutant M1 still shows maximum activity at 4 M NaCl, in mutant M4 peak activity is shifted to 2 M NaCl. In mutant M17, a distinctive shift in peak activity from 4 to 3 M NaCl is observed, but the level of the peak is similar to that in the wild type.
It is also conceivable that the various glutamic acid pairs located near critical positions involved in the binding and reduction of Hg 2ϩ contribute to electrostatic repulsion of the high concentrations of chloride anions, which might otherwise interfere with efficient detoxification of Hg 2ϩ , and they have been selected partly to serve this function.
Based on these results, MerA ATII-LCL appears to derive from a microorganism belonging to a lineage that adopted the salt-in strategy to cope with the hypersaline environment of the ATII-LCL, in which the concentration of NaCl reaches 4 M. At this salt concentration, mutants M1, M4, and M17 were found to display 50, 8, and 44% of the activity observed for MerA ATII-LCL (the soil enzyme shows no detectable activity in 4 M NaCl). Therefore, these three pairs of negatively charged side chains in the ATII-LCL MerA are crucial for the enzyme's ability to function with high efficiency in the presence of salt concentrations typical of those in environments inhabited by other microorganisms that have exploited the salt-in strategy (28 -30) .
Signatures of halophilicity have been identified mostly by structural comparisons of proteins from halophilic and nonhalophilic microorganisms (31, 34, (53) (54) (55) , but they have not been experimentally analyzed in detail (55) (56) (57) (58) . The work described here presents an analysis of selected, evolutionarily adaptive acidic residues that shows them to confer site-specific levels of halophilicity on MerA that varied from 0.5 to 4 M NaCl. In addition, the data indicate that these acidic residues are not just required for the salt tolerance, solubility, and protection of the enzyme from aggregation (31-33, 59, 60) but also to increase the catalytic efficiency of the enzyme in the presence of elevated concentrations of salt.
The second of the adaptations acquired by MerA ATII-LCL, compared with the soil enzyme, is its thermophilic character. In this regard, the presence of the two basic/proline boxes, box1 and box2, is an additional structural feature that distinguishes it from its terrestrial counterpart. Substitution of any of the three glutamic pairs mutated in M1, M4, and M17, respectively, had no effect on the thermostability of the enzyme, but replacement of either box alone, or both together, clearly affected the temperature stability of the mutants. Because the catalytic properties of the enzyme measured at 37°C were not appreciably changed in any of the three mutants in which the boxes were altered (M15, M16, and M15/M16), we concluded that these two segments are mainly involved in stabilizing the structure of the enzyme. Each box includes a proline residue, which has been shown to be involved in the thermostability of various enzymes (25, 61) . Proline is unique in having a pyrrolidine ring, which reduces the structural flexibility of polypeptide regions containing it, and therefore it provides structural stabilization at critical locations in proteins. It is intriguing to note that box2 lies within the dimerization domain of MerA ATII-LCL (Figs. 1 and 5A; see also supplemental Fig. 3) . Moreover, the residues in box2 form a ␤-strand that is oriented in an antiparallel ␤-sheet structure that falls within the dimerization domain of MerA ATII-LCL ( Figs. 1 and 5A) . Antiparallel ␤-sheet structures are known to stabilize proteins, especially when the number of strands present is greater than 2 (62) . MerA has five ␤-strands within its dimerization domain (48) . Therefore, the presence of a proline residue at the end of the ␤-strand of box2 adds stability to the antiparallel ␤-sheets, which may help to stabilize the MerA ATII-LCL structure at high temperatures. The unstructured loop formed by box1 falls just at the beginning of the dimerization domain, and its proline residue most probably contributes to the stability of the dimer, although its contribution to thermostability of the enzyme is much less than that of box2.
These results allow us to distinguish sequences that contribute to extreme halophilicity from those required for thermostability, because removal of the two boxes resulted in a MerA enzyme that is still halophilic but is almost completely inactivated by incubation for 10 min at 70°C (the ATII-LCL enzyme and all other mutants retain more than 70% of their activity when treated in the same manner). It is important to note that mutation of box1 and box2 did not have any effect on the enzyme's resistance to Hg 2ϩ . A more detailed understanding of the roles of the prolines and the basic amino acids in the two boxes in conferring thermostability on the enzyme will require further analysis by targeted mutagenesis of each residue and determination of the crystal structure of MerA ATII-LCL (work in progress).
The third notably adaptive property of MerA ATII-LCL is its resistance to high levels of Hg 2ϩ . The Hg 2ϩ concentration required for 50% inhibition of the enzyme activity is at least 2.7-fold higher than for the soil enzyme. The only mutation that affected this property was the substitution of alanines for Glu-15 and Glu-16 in mutant M1. This mutation, located directly adjacent to the cysteine pair Cys-136/Cys-141 in the NmerA domain, resulted in an enzyme with low catalytic efficiency and abolished the high Hg 2ϩ resistance characteristic of the ATII-LCL enzyme. In addition, it also greatly reduced the in vivo detoxification ability of E. coli cells expressing the mutant enzyme.
By analogy with other mercuric reductases, the second Hg 2ϩ -binding site (Cys-11/Cys-14) in the NmerA domain is assumed to cooperate with the C-terminal pair of cysteine thiols (Cys-558/Cys-559) to protect cells against Hg 2ϩ when levels of low molecular weight thiols are low (12) . This should facilitate the efficient transfer of Hg 2ϩ from proteins and other carriers to the active site of the enzyme by a ligand-exchange mechanism (63, 64) . The results presented here corroborate this role of NmerA domain. This is underlined by the presence of the adjacent pair of glutamic acids in the ATII-LCL enzyme, which contribute to its capacity to operate in a hypersaline environment. The fact that Glu-15/Glu-16 (M1) added critical catalytic advantages to the ATTII-LCL enzyme toward extreme salinity and high efficiency in detoxification of Hg 2ϩ presents strong evidence of the pivotal importance of the NmerA's Cys-11/Cys-14 for microorganisms to survive in the ATII-LCL environment.
The ATII-LCL MerA molecule therefore represents a novel enzyme, which has undergone multiple evolutionary adaptations that enhance its stability and catalytic efficiency, thus allowing its host to cope with the harsh environmental conditions found in the ATII-LCL unique environment. The relatively simple structural changes that underpin its remarkable functional attributes make ATII-MerA a potential model for further research to address environmental adaptation of enzymes and proteins to environments characterized by multiple abiotic stressors.
